Metagenome research has brought much attention for the identification of 24 important and novel genes of industrial and pharmaceutical value. Here, using a 25 metagenome library constructed from bacteria associated to the marine sponge, Styllisa 26 massa, a high-throughput screening technique using radioisotope was implemented to 27 screen for cadmium (Cd) binding or accumulation genes. 
Introduction 57
Cadmium (Cd) has been regarded as an important trace element due to its 58 industrial applicability in nickel-cadmium batteries, Cd pigments, Cd coatings and as 59 metagenomic researches are currently widely conducted, proteins related to Cd binding 100 or accumulation has not been reported thus far. 101 Therefore, in this research, to conduct a comprehensive search for genes related 102
to Cd binding or accumulation, we conducted the screening of such genes from the 103 metagenome library of bacteria associated to the marine sponge Styllisa massa. We 104 focused on bacteria associated with marine sponges, since marine sponges are known to 105 be one of the largest producer in secondary metabolites (Thomas et al., 2010) and holds 106 high potential to harbor unique functional genes including those related to heavy metal 107 accumulation (Selvin et al., 2009; Nelson and Slinger-Cohen, 2014) . Subsequently, 108 functional analysis and preliminary sequence comparison studies to determine the 109 novelty of the discovered protein were conducted. Here, we report one of the first 110 reports on the identification of a unique protein involved in the accumulation of Cd 111 from a sponge-associated bacterial metagenome. 112
Materials and Methods 113

Sponge, bacterial strains and plasmids 114
The marine sponge, Stylissa massa, was collected from the offshore of Ishigaki 115 island, Okinawa, Japan. The E. coli strains, EPI300 TM (Epicentre Biotechnologies) were 116 used in metagenome library construction, DH5α (TOYOBO) and EC100 TM (Epicentre 117 Biotechnologies) in cloning and BL21 (DE3) (Novagen) 
Screening for Cd accumulation clones from metagenome library 141
Screening of Cd accumulation from the metagenome library clones was conducted 142 using the microplate-BAS method. Prior to the screening of Cd accumulation genes, 40 143 randomly selected 96-well plates; comprised of 3,301 metagenome library clones were 144 cultured in LB medium containing 12.5 µg/mL of chloramphenicol overnight at 37˚C 145 with agitation. The overnight cultures were diluted with 4 folds of culture medium 146 described above with addition of 2.5 µM Cd including 37 kBq/mL of radioactive Cd 147 ( 109 Cd, PerkinElmer Life and Analytical Science) and induction solution (Epicentre 148 Biotechnologies) and were cultured at 37˚C for a subsequent 5 hours. After 5 hours, 50 149 µL of the bacterial culture was transferred to Multiscreen-GV filter plates (0.22 µm) and 150 washed 3 times with 200 µL of 3% NaCl using a MultiScreen HTS Vacuum Manifold 151 system (EMD Millipore). Upon drying, the plates were placed on imaging plates, 152 overnight in the dark and the accumulation of Cd within the clones was detected using 153 the Bio-imaging Analyzer BAS-1800 II (FUJIFILM). Positive clones showing high Cd 154 accumulation were selected upon 2 rounds of screening. The selection criteria for Cd 155 accumulation clones were determined based on the accumulation of Cd above the totalaverage detection signal value. As such, the cut off point for positive clones was set to 2 157 folds and 3 folds for the 1 st and 2 nd round screening, respectively. 158
The clones attained from the 2 nd screen were reanalyzed to determine Cd 159 accumulation using the silicone oil centrifugation method. 0.4 mL sampling tubes were 160 prepared containing a dense bottom layer, comprised of 50 µL silicone oil (Toray Dow Table 1 . 207
Protein expression was conducted using the Overnight Express TM Autoinduction 208
Systems 1 (EMD Millipore) according to the manufacturer's protocol. Preparation of the 209 designated samples for intracellular Cd concentration measurement is as described in 210 the section above and samples were measured using an ICPE-9000 ICP atomic emission 211 spectrometer (Shimadzu). 212
For protein expression analysis,, the designated clones induced using the 213 Overnight Express TM Autoinduction Systems 1 were harvested by centrifugation at 214 13,000 rpm, for 2 min at room temperature. The pellets were treated using the 215
The nucleotide sequence of the Cd accumulation gene has been submitted to 223 the DNA Data Bank of Japan (DDBJ) and has been assigned the accession number 224 AB969736. 225
Results and Discussion 226
Metagenome library construction and screening of cadmium accumulating clones 227
In the past, we have reported on the identification of a novel halotolerant 228 esterase, EstHE1, from the metagenome library of bacteria associated to the marine 229 sponge, Hyrtios erecta (Okamura et al., 2010) . Using this understanding, we 230 subsequently focused on the marine sponge, Styllisa massa, which was collected off the 231 coast of Ishigaki island, Okinawa, Japan. As a result, we were successful in establishing 232 a bacterial metagenome library comprised of 65,043 clones, with DNA insert size 233 averaging at 37 kbp totaling up to a sequence size of approximately 2.4 Gbp. 234
For the screening of the clones harboring Cd binding or accumulation genes, 235 randomly selected 40 96-well plates comprised of 3,301 clones were selected and 236 subjected to 2 rounds of selection using 109 Cd radioisotope. From the first screen, 52 237
clones showing approximately 2 folds accumulation of Cd above the average was 238 attained (Fig. 1a) . In the second screen, 6 out of the 52 clones significantly showed high 239
Cd uptake (Fig. 1b) . These 6 clones designated as 66-11E, 217-9E, 219-3D, 238-4B, 240 247-11C and 361-5A was reanalyzed and Cd accumulation was determined by using the 241 silicone oil centrifugation method. The Cd accumulation of these clones ranged in 242 between 4-9 folds in comparison to the control, with clones 238-4B and 247-11C 243
showing relatively high Cd accumulation at approximately 8 -9 folds (Fig. 1c) . To 244 further validate our results and to determine the clone showing the highest Cd 245 accumulation, reintroduction of the plasmids into E. coli was conducted, in which the 246 clone 247-11C showed the most stable Cd accumulation (Fig. 1d) . Further analysis wasconducted against this clone to identify the Cd accumulation gene. 248
Identification of the gene involved in cadmium accumulation. 250
To identify the gene involved in Cd accumulation, the plasmid from clone 251 247-11C was extracted and sequenced, revealing a metagenome fragment comprised of 252 33.7 kbp. Restriction enzyme digestion using XhoI resulted in 2 fragments in which the 253 smaller fragment sized at 9.7 kbp showed high Cd accumulation similar to that of the 254 non-truncated 247-11C clone (Fig. 2a) . The newly identified clone, 247-11CX1 was 255 further subjected to restriction enzyme digestion with SphI or SanDI, in which 3 clones 256 designated 247-11CX1S0, 247-11CX1Sa and 247-11CX1Sp was attained and analyzed 257 for Cd accumulation. The 247-11CX1S0 and 247-11CX1Sa clones that had deleted 258 regions as shown in Fig. 2b did not show any Cd accumulation, suggesting that the Cd 259 accumulation gene may exist within the 3 kbp and 7 kbp region of the 247-11CX1 260 fragment. As predicted, when Cd accumulation was conducted with the 247-11CX1Sp 261 clone, high Cd accumulation was observed (Fig. 2c) . Prior amino acid sequence 262 similarity search of the open reading frames (ORFs) within the 9.7 kbp fragment using 263 ORF Finder showed the presence of 3 ORFs within this region. ORF4, encodes for an 264 acetyl-CoA synthetase (amino acid similarity of 70%) and ORF5 and ORF6, each 265 represents hypothetical proteins, respectively. To further identify the gene responsible 266 for Cd accumulation, Cd accumulation assay was conducted, resulting in ORF5 267
showing the highest Cd accumulation to as high as 11 folds in comparison to ORF4 and 268 ORF6 (Fig. 2d) . Here we clearly indicate that ORF5 was involved in Cd accumulation.
Domain conformation and functional analysis of Cdae-1 271
ORF5, comprised of a 744 bp long fragment, was analyzed at the nucleotide 272 and amino acid level to further identify possible functional domains. Based on 273 prediction and similarity searches, we hypothesized the presence of 3 domains within 274 ORF5, each comprised of a putative promoter sequence region (R1), a signal peptide 275 region (R2) and an unknown protein region harboring a repetitive unique pentapeptide 276 motif, E(G/A)KCG (R3) (Fig. 3) . Hereon, subsequent analysis was narrowed down to 277 R2 and R3 of ORF5, in which this region was designated as Cdae-1 (Cdae: Cadmium 278 accumulation element). The functional prediction of R2 as a signal peptide was 279 determined by using SignalP in which the cleavage point was identified at AHA-EG. 280
The function of R2 as a signal peptide and R3 as the protein region involved 281 in Cd accumulation was further confirmed by protein expression experiments. Based on 282 truncation experiments of ORF5 at R2 (ORF5 (T2)) and R3 (ORF5 (T1)), it was clearly 283 shown that R3, the domain harboring the E(G/A)KCG repetitive motif played an 284 important role in Cd accumulation. This was further clarified by the cloning of R2 and 285 R3 (Cdae-1) or only R3 (Cdae-1R3) into the pET-25b expression vector and by 286 performing a Cd accumulation assay (Fig. 4a) . To confirm the function of R2 as a signal 287 peptide, SDS-PAGE of the extracellular and intracellular fractions of the designated 288 clones, Cdae-1 and Cdae-1R3, were conducted and only the clone expressing Cdae-1 289
showed the presence of a band of approximately 18 kDa at the extracellular fraction. 290
This result clearly indicates that R2 does function as a signal peptide (Fig. 4b) . we first identified the presence of C or H residues within the amino acid sequence. Our 303 observations showed that in comparison to MTs and PCs, only 10.6% of the total amino 304 acid residues of Cdae-1R3 comprised of C residues, where all were found within the 305 E(G/A)KCG repetitive motif, while only 1.8% were H residues. This observation 306 showed a significant difference between the composition of C and H residues to that of 307 currently known proteins or peptides associated to Cd binding. Thus, in reference to the 308 results attained from the in vivo accumulation of Cd (Fig. 4a) and to determine the 309 direct binding of Cdae-1R3 to Cd, in vitro binding assays using 109 Cd radioisotopes 310 were conducted. However, contradicting to our expectations, no direct binding of Cd to
The unexpected results from the in vitro experiments suggested that 313 Cdae-1R3, although coupled with a signal peptide, promoted Cd accumulation 314 intracellularly and not extracellularly. This observation suggests that Cdae-1R3 may 315 instead possess a unique characteristic within the cell to enhance Cd accumulation and 316 we speculate that the signal peptide may be regulated by intracellular mechanisms that 317 serve as a control for the release of Cdae-1R3 when required. Looking at the total 318 composition of amino acid residues within Cdae-1, it was found that Cdae-1R3 itself 319 has a high composition of glycine (G; 30.1%) and lysine (K; 19.5%) residues. Lysine in 320 particular has been reported to play an important role in the detoxification properties of 321
MTs (Cody and Huang, 1993) while glycine acts as a crucial constituent in PTs 322 (Cobbett, 2000) . Nevertheless, these speculations are still preliminary, as further protein 323 functional analyses need to be conducted. Attempts to further speculate the function of 324
Cdae-1R3 by generation of a tertiary model using SWISS-MODEL 325 (http://swissmodel.expasy.org) resulted in a 12.82% sequence identity to a soluble 326 cytochrome b562 from Salmonella enterica which did not correspond to the 327 E(G/A)KCG repetitive motif of Cdae-1R3. This low structural similarity further 328 suggests that Cdae-1R3 is highly unique and crystallization studies may provide new 329 insights to the mechanism and function of this protein. Subsequently, we conducted a conserved domain search and a blastp search 331 against the NCBI and Uniprot databases to determine the presence of similar proteins to 332
Cdae-1. The conserved domain search conducted using the NCBI Conserved Domain 333
Search tool resulted in Cdae-1 harboring a domain classified to an uncharacterizedlow-complexity protein superfamily, COG3767, while the blastp search resulted in the 335 identification of a group of hypothetical or low-complexity proteins of unknown or 336 uncharacterized function that similarly harbors a signal peptide and the E(G/A)KCG 337 repetitive motif (Table 2) . Amino acid similarity alignment of Cdae-1 to these proteins 338 is also shown in Fig. 5 . Interestingly, all of these proteins we identified were only found 339 to be highly conserved within the class γ-proteobacteria. The presence of other similar 340 proteins and together with our functional characterization of Cdae-1 could provide 341 evidence of γ-proteobacteria strains with unique Cd accumulation properties. 342
In summary, although further analytical studies including crystal structural 343 conformation and detailed analysis on the mechanism of Cdae-1 to Cd accumulation 344 within E. coli needs to be conducted, we showed that by using bacterial metagenome as 345 a genetic resource, we were successful in the discovery of a novel candidate Cd 346 accumulation gene showing different features to that of MTs and PCs. We hope that this 347 research will trigger for the search and identification of novel and unique genes that 
